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ABSTRACT 

A preliminary study was conducted to deter- 
mine the feasibility of using heat pipes in a nu- 
clear aircraft propulsion system. Heat pipes were 
the sole transporter of heat. Three sodium coolant 
heat pipe systems were used. One transferred the 
heat from the reactor. Another transferred the 
heat to the air in the jet engine. The third heat 
pipe transferred the heat from the reactor heat 
pipe to the jet engine heat pipe. To get promising 
performance, the technology had to be pushed to the 
limit. 

INTRODUCTION 

Many studies have been conducted where heat 
pipes are applied to nuclear reactor cores or 
thermionic energy conversion devices. These stud- 
ies indicate promising advantages in efficiency, 
design simplification, and weight reduction. 

A successful design of a nuclear aircraft pro- 
pulsion system must meet all specifications of per- 
formance and safety at a minimum weight. Heat 
pipes utilized for removing core heat may reduce 
system weight by eliminating the need for heavy 
pumps and high pressure piping. In addition, the 
system reliability may be improved by the elimina- 
tion of moving parts and the reduction of system 
temperature differences about the loop. 

This paper presents a preliminary study of 
heat pipe application for nuclear aircraft propul- 
sion systems^!* 2 ' . The purpose of this study is to 
show the conceptual design features of a system 
which uses heat pipes for transferring of reactor 
core heat to the engine heat exchangers. 

In the powerplant design concept used as the 
basis for this study, a single fast reactor located 
above the aircraft fuselage powers four jet engines 
which are mounted below the aircraft wings . The 
reactor and most of the radiation shield are com- 
pletely enclosed by a containment vessel. This 
vessel is capable of absorbing impact forces due to 
crash landings . 

Heat generated in the reactor is transferred 
to many small diameter heat pipes which penetrate 
the reactor core. The heat is then transferred 
from the reactor heat pipes to four large diameter 
heat pipes, each of which extends between the re- 
actor and one jet engine. At the jet engines, heat 
is transferred from the large transport heat pipes 
to compressor discharge air via an array of small- 
diameter heat pipes similar to those of the reac- 
tor. Sodium was used as the fluid for all heat 
pipes . 

^Nuclear Engineer. 


Conceptural designs of the reactor, engine, 
and reactor to engine heat pipes are presented and 
the amount of U 233 required for criticality is es- 
timated. The following heat pipe characteristics 
are defined: wick pore size, wick thickness, heat 

pipe diameter and length, vapor flow area, axial 
and radial heat flux; and temperatures of liquid, 
vapor, and structural materials. The factors that 
limit the heat pipe performance or dictate the de- 
sign are identified. Design features that stretch 
the state-of-the-art are pointed out. 

REACTOR TO JET ENGINE HEAT TRANSPORT SYSTEM 

The C5-A type aircraft, shown in Fig. 1, was 
used as a model for estimating elevations and dis- 
tances between the components of the heat trans- 
port system. These components are shown in Fig. 2. 
They are a nuclear reactor, a reactor heat ex- 
changer, an adiabatic heat transport pipe, and an 
engine heat exchanger. The reactor, surrounded by 
a containment vessel, is located on top of the 
fuselage as shown in Fig. 1. 

The nuclear reactor core is cylindrical. It 
consists of heat pipe fuel elements surrounded by 
four-inch-thick side and end reflectors (see 
Fig. 3). The heat pipes consist of a fluid, wick, 
and tube. The part of the heat pipe within the 
core is surrounded by an annulus of fuel which in 
turn is surrounded by cladding. This fueled por- 
tion covers about half of the active length of the 
heat pipe. The heat pipe fuel elements are clus- 
tered tightly such that nominally zero spacing oc- 
curs between their outer diameters within the ac- 
tive core region. The total heat generation rate 
is 300 MW. 

The heat pipes in the core terminate in the 
reactor heat exchanger just outside of the end re- 
flector. Two reactor heat exchangers are used, 
each handling 150 MW. Dual -wicked heat pipes with 
both external and internal wicks are used as shown 
in Fig. 4. The external wick extends into the 
vapor space of the reactor heat exchanger and is 
connected to the wick which lines the heat ex- 
changer walls. Reactor heat evaporates the sodium 
liquid in the core. The sodium vapor formed con- 
denses in the zone opposite the external wick. 

The heat of condensation which is released causes 
the evaporation of sodium liquid in the external 
wick. 

The sodium vapor formed in each reactor heat 
exchanger travels down two adiabatic heat trans- 
port pipes to the heat exchangers which feed the 
inboard and outboard engines on one wing. Each 
pipe is sized to transport a thermal load of 75 MW. 
The pipe to the outboard engine is 100 ft long and 
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that to the inboard engine is 65 ft long. There 
are three right-angle -bends in each heat transport 
pipe. The adiabatic heat transport pipe wall and 
wick are connected directly to the wall and wick of 
the engine heat exchangers. 

The engine heat exchanger configuration is 
shown in Fig. 5. Three cylindrical walls divide 
the exchanger into two flow passages. The inner 
wall permits passage of the engine shaft and also 
serves as the inner wall of the compressed air flow 
passage. The next cylindrical wall separates the 
compressed air flow passage from that provided for 
sodium vapor. The outer wall confines the vapor 
flow, and merges with the adiabatic heat transport 
pipe. Dual -wicked heat pipes (see Fig. 4) extend 
radially across the sodium vapor into the com- 
pressed air flow passage. Sodium vapor condenses . 
on the outer wick of these heat pipes. The conden- 
sate then flows along the heat exchanger to the ad- 
iabatic heat transport pipe. Thus, a continuous 
path is provided for the flow of sodium vapor from 
the reactor to the jet engines and for the flow of 
liquid sodium (via the wick flow passage) from the 
engines to the reactor. 

The heat of condensation which is released to 
the radial heat pipes of the engine heat exchangers 
vaporizes sodium in the inner pipe wicks of the 
dual wicked heat pipes. The vapor formed condenses 
in the section of the heat pipes which lie within 
the compressed air flow passage. The heat of con- 
densation released at this point is transferred to 
the compressed air stream which flows over the heat 
pipes . 

The principal design criteria for this study 
are listed in Table I. Liquid metal property data 
was obtained from Refs . 3 to 6 . The reactor power 
level is 300 MW. This thermal power is sufficient 
for powering aircraft with gross weights of 
1,000,000 lb. 


REACTOR CORE 

In designing the reactor core, the size and 
total number of heat pipes required were calculated 
first. Then, using the specifications of Table II, 
the core diameter, fuel element radial temperature 
gradient, fuel loading, and enrichment were calcu- 
lated. 

Design of Heat Pipes Within the Core 

Hie core heat pipes are closed tubes whose in- 
ternal surfaces are lined with a porous structure 
called the ' capillary wick. The pores of the wick 
are filled with a liquid, whose vapor occupies the 
remaining internal volume. The heat generated in 
the fuel (Fig. 3) is conducted across the heat pipe 
wall and wick to the liquid-vapor interface, along 
the tube to a region where heat is being removed 
from the outer surface of the heat pipe, whereupon 
the vapor condenses at the liquid-vapor interface. 
The condensate formed then travels through the wick 
to the heat addition zone, where it once again 
evaporates . 

All of the heat pipes in the heat pipe heat 
transport system utilize a two-layer wick, consist- 
ing of a liquid flow annulus next to the tube wall 
and a porous sheet between the liquid flow annulus 
and the internal vapor space. 


The maximum rate at which heat may he trans- 
ported through a heat pipe is called tile heat 
transport capacity. The heat transport capacity is 
a function of various relationships. These func- 
tional relationships may he described in terms of 
five heat transport limits; the sonic limit, iso- 
thermal limit, entrainment limit, boiling limit and 
capillary pumping limit. The heat transport capac- 
ity of a given heat pipe under given operating con- 
ditions will he equal to the lowest heat transport 
limit corresponding to these conditions. For the 
core heat pipes, the entrainment limit was the 
prime limiting design consideration. Entrainment 
limit is reached when the high velocity vapor flow- 
ing over the liquid disrupts the liquid-vapor 
interface and entrains liquid in the vapor. 

The total heat pipe cross-sectional area 
should he as small as possible to minimize the vol- 
ume of void and nonfissile material in the reactor 
core. The heat pipe fluid selected, therefore, 
must be the highest heat transport capacity per 
unit cross-sectional area of fluid and vapor. 

Since the vapor space occupies most of the cross- 
sectional area in a two layer wick heat pipe, the 
axial heat flux based on vapor space area is used 
for the evaluation of heat pipe fluids. 


The heat transport capacity, based on the en- 
trainment limit, is given by the following equation 


£ = 
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where is the axial heat flux for no entrain- 

ment based on the vapor space cross-sectional area, 
cf is the liquid surface tension, p T is the vapor 
density, K is the heat of vaporization, D is the 
wick pore diameter, and C,j is an experimintally- 
determined drag coefficient. 


The entrainment axial heat flux can be calcu- 
if the drag coefficient is 


lated from Eq ? 

Kemme( 


known. 




has reported entrainment limit 


data for a 10 micron diameter wick in a sodium heat 
pipe, from which can be estimated. Kemme sug- 

gested that CijDp = 5Dp, from which = 5. How- 
ever, a better fit to nis data is obtained if C= 


3.33 in Eq. (l), then 

= (0.447 to 0.548) 


to p. 
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In Fig. 6, limiting axial heat fluxes for no 
entrainment and an evaporator temperature drop not 
in excess of 20° F are plotted as a function of 
heat pipe temperature for sodium, potassium, cesium 
and lithium liquid metals. The limiting axial heat 
flux based on entrainment is about 50$ of the axial 
heat flux at the sonic limit. 


The entrainment limits of Fig. 6 are based 
upon the lower value of Eq. (2) and have been 
determined for wick pore diameters of 2 microns 
and 20 microns. Since preliminary calculations in- 
dicated that axial heat fluxes well in excess of 
100 kW/ln.^ would be required, only sodium and po- 
tassium are considered and wick pore diameters 
smaller than 20 microns are required. Since the 
axial heat flux limit for sodium is higher than for 
potassium for both the 2-micron and 20-micron pore 
diameters over the temperature range 1630° -2100° F, 
sodium was selected as the preferred heat pipe 
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fluid. (The final operating temperature was 
1900° F resulting in an axial heat flux limit of 
220 kW/in. 2 .) 

Heat pipe parameters of interest include the 
vapor space diameter H^, the temperature drop 
across the sodium annulus per unit of thickness 
AT/ta, the heat transport rate per heat pipe Q, 
and the number of heat pipes needed for removal of 
reactor -generated heat N. In Fig. 7 D^, AT/t a , 

Q, and W/2 are plotted as a function of the sur- 
face heat flux q s for a reactor thermal power of 
300 MW, sodium heat pipes at 1900° F, and evapora- 
tor (in-core) length of 15 in., and a wick pore di- 
ameter of 2 microns. The reactor power distribu- 
tion was assumed to be flat. 

Figure 7 indicates that operation at a surface 
heat flux of about 4 kW/in. 2 would require 800 heat 
pipes with a vapor space diameter of 1.1 in. for 
each half of the reactor core. The thermal power 
rating per heat pipe would be 205 kW (assuming an 
axial heat flux limit of 220 kW/in. 2 ), and the tem- 
perature drop across the annulus would be 5.5°F/ 
mil. This temperature drop, however, was consid- 
ered to be excessive. The annular gap thickness 
was expected to be on the order of 10 mils and the 
temperature drop across -the annulus would be en- 
countered at both the heat input and output regions 
of the heat pipes . 

Therefore, the decision was made to use 
smaller diameter heat pipes at the expense of a 
larger number. A vapor space diameter of 0.5 in. 
was selected, for which the surface heat flux is 
1.85 kW/in. 2 . A total of 3700 of these heat pipes 
are required for each half of the reactor core, each 
heat pipe being rated at 45 kW. The total vapor 
space cross-sectional area of the heat pipes in 
each half of the core is then 4.8 ft 2 , and the temper- 
ature drop across the sodium annulus is 2.5° F/mil. 

A preliminary estimate of the core diameter 
indicated that 3700 tubes would result in a core 
diameter in excess of 45 in. Therefore, a signifi- 
cant increase in the axial heat flux was necessary. 
The increase was accomplished by (l) increasing the 
heat pipe temperature to 2000° F, and (2) using the 
higher of the two values for the entrainment limit 
(Eq. (2)). The result was a maximum allowable 
axial heat flux of 307 kW/in. 2 at a 0.5 in. diam- 
eter vapor space and an in-core length of 20 in. 

The total number of heat pipes using an average 
power level of 279 kW/in. 2 was then 2740 for one- 
half of the core or 5480 for 'the entire core. 


The thickness of the liquid annulus in the re- 
actor heat 'pipes was established from both boiling 
limit and capillary pumping limit considerations. 
The minimum diameter of curvature D c of the 
liquid-vapor interface in the wick pores for which 
boiling will not occur was determined from the fol- 
lowing equation: 


40-(T v ) 4 ct(T w ) 
®c — ®n 




(3) 


where D c is the diameter of curvature of the 
liquid-vapor interface, D n is the diameter of nu- 
cleation sites at which vapor bubbles can form, tr 
is the liquid surface tension, P v is the vapor 
pressure, T v is the vapor temperature in the vapor 
space, and is the temperature at the inner 

surface of the heat pipe wall. D c was taken to be 
equal to the wick pore diameter of 2 microns. A 


value of 40° F was assumed for T^ - T y . 

The calculated value of D 0 was then used 
with the appropriate capillary pumping limit equa- 
tion from Eef . 1 to establish a liquid sodium an- 
nulus thickness of about 10 mils. In calculating 
the annular thickness a total heat pipe length of 
48 in. was used, consisting of a 20 in. evaporator 
section, a 7 in. adiabatic section, and a 21 in. 
condenser section. 

The final step for sizing the heat pipes was 
the determination of the overall heat pipe diam- 
eter. This diameter is comprised of the vapor 
space diameter, wick thickness, the liquid annular 
thickness, and the heat pipe wall thickness. As 
indicated above, a vapor space diameter of 0.5 in. 
was specified. A thickness of 5 mils was arbitrar- 
ily selected for the porous wick adjacent to the 
vapor space. The annular liquid thickness was cal- 
culated to be approximately 10 mils. The heat pipe 
wall was sized at 33 mils. Then the outer diameter 
of the heat pipe is equal to 0.596 in. 

TZM molybdenum was selected as the wall and 
wick material. Its strength for 0.5$ creep in 
10,000 hr is 22,000 psi when operating at 2000° F. 
The material is also compatible with sodium at this 
temperature. A summary of the final reactor heat 
pipe design is as follows: 


Heat pipe fluid Sodium 
Maximum vapor temperature, °F 2000 
Maximum axial heat flux, kW/in. 2 307 
Average axial heat flux, kW/in. 2 279 
Vapor space diameter, in. 0.5 
Wick pore diameter, microns 2 
Wick pore thickness, mils 5 
Liquid annulus thickness, mils 10 
Heat pipe wall thickness, mils 33 
Heat pipe diameter, in. 0.596 
Evaporator length, in. 20 
Humber of heat pipes/half core 2740 
Wick and wall material TZM 


Core Diameter 


The active core diameter is dependent upon the 
number of heat pipes, fuel thickness, and cladding 
thickness. Since the fuel and cladding thickness 
have been assumed (Table II) the core diameter has 
in effect been dictated by the 2740 required tubes/ 
half core. 


Figure 8 presents the proposed design of the 
heat pipe fuel element. The area of this hexagonal 
cell may be calculated as follows: 

A cell = *(r < 2r 6 + S r ) 2 (4) 

where S r is the radial spacihg between heat pipes 
and rg is the radius as shown in Fig. 8. Multi- 
plying Eq. (4) by the number of heat pipes If 
gives the active core area if the scallops of the 
outer perimeter are neglected. 

A core ^ ^ ( 2r 6 + S r ) 2 (5) 


From Eq. (5) the diameter of the core is 




= yj- h(2i 


+ Sj‘ 


( 6 ) 
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In terms of fuel thickness tj and cladding thick- 
ness t cl , Eq. (6) becomes 

D CO re = N ( 2r 4 + 2 *f + 2t cl + S r ) 2 (7) 

Finally, for an assumed t cl of 0.035 in., an as- 
sumed tf of 0.075 in., a S r of 0, and 2740 
tubes, the core diameter is 45 in. This value 
meets the maximum core diameter design specifica- 
tion. A smaller core diameter could be obtained 
by reducing the clad and/or fuel thickness or by 
making the fuel cross sectional geometry hexagonal 
instead of circular. 

Heat Pipe Fuel Element Radial Temperature Gradient 

The heat removed by the heat pipes is gene- 
rated in the UN fuel surrounding the heat pipe. 

This internal heat generation and resultant radial 
flux results in a radial temperature gradient 
through the heat pipe wall and fuel. No tenpera- 
ture gradient exists in the cladding since no heat 
is transferred. 


The total temperature gradient from the fuel 
outer wall to the heat pipe inner wall is 

s'r- n r r o ^ o 

2 r 5 ln(r 5 /r 4 ) 



( 8 ) 


where r,, r^, and r 5 are the radii as shown in 
Fig. 8, Aq is the internal heat generation rate, 
Kf is the thermal conductivity of the fuel and 
K c p is the thermal conductivity of the clad. 


Core Criticality Calculations 


The code used in the neutronic analysis was a 
two-dimensional discrete angular segmentation 
transport program referred to as TDSN(®) . It is a 
numerical iterative finite difference method in 
which the continuous angular distribution of neu- 
tron velocities is represented by considering dis- 
crete angular directions. The output of the trans- 
port program includes the core multiplication fac- 
tor and the integrated power ratio and flux shapes 
for each energy group. 

A required input to the TDSN transport pro- 
gram are the core cross sections. Multigroup cross 
sections used in this analysis were obtained from 
GAM II and GATHER II programs (8,10), These are 
then converted to macroscopic cross sections by a 
Lewis Research Center written code entitled MACROS. 

For the calculations the core was divided into 
one radial zone and one axial zone. Seven group 
microscopic cross sections were obtained from the 
GAM II and GATHER II programs over the energy 
ranges presented in Table III. The macroscopic 
cross sections calculated by MACROS used the atom 
densities listed in Fig. 8. A Pq approximation 
for neutron scattering and a Sg discrete angle 
approximation were used in the neutronic calcula- 
tions. The core K-gpj. was calculated over a large 
range of enrichments. For each fuel enrichment the 
core atom densities were readjusted. The results 
of these calculations are presented in Fig. 9, core 
Kgpp as a function of Percent Fuel Enrichment. 

The required core was achieved at a 37.5$ 

fuel enrichment ; 


A radial heat flux of 0.88X10® Btu/hr-ft 2 re- 
sults in a AT of 200°. For a maximum heat pipe 
vapor temperature of 2000° F the resultant clad 
temperature is 2200° F. 

For TZM at 2200° F the 10,000 hr creep-rupture 
stress is about 10,000 psi. Since, the clad has no 
thermal gradients (no heat is lost radially out- 
ward) its stresses would be limited to that of fuel 
swelling, fuel growth, etc. The operating temper- 
ature and allowable stresses, therefore, were con- 
sidered as acceptable. 


The normalized power distribution is plotted 
in Fig. 10. The plot shows that the radial peak 
to average power ratio is about 1.5 compared to a 
desired 1.1. Since the fuel enrichment is low, 
however, fuel zoning could be accomplished to bet- 
ter meet this requirement. The low flux at the 
boundary also results in a low radial neutron 
leakage of 10$. This would not permit the use of 
a reflector control system such as reflector con- 
trol drums. However, if the radial power distribu- 
tion were flattened to nearer the 1.1 ratio the 
radial leakage would increase and reflector control 
may then be feasible. 


Fuel Loading 

The 0.075 in. thick fuel surrounding each heat 
pipe also sets the total fuel loading of the core. 
With the reactor core required to operate for 
10,000 hr at 300 MW, the amount of fuel that will 
be used can be calculated as follows : 

30CX10 6 Watts X 10,000 hr X 3600 sec/hr 

10. 8X1 0 1 ® Watt -sec 

For fuel the burnup rate is 1.452x10”-*--*- g 

Tj235 /watt-sec of operation. The total amount of 
fuel used is 

10. 8X1 0 15 Watt-sec X 1.452X10” 11 g U 235 /Watt-sec 

= 157 kg 

A fuel thickness of 0.075 in. for the 5480 
fuel elements in the core results in a core loading 
of 3770 kg. The burnup is then (157/3770) X 100 
= 4.2$, which is less than the maximum allowable 
burnup of 5$. 


A summary of the core calculations is as fol- 
lows : 


Core diameter (0.075 in fuel, 

0.035 in clad), in. 45 
Fuel enrichment, percent 37.5 
Fuel loading, kg 3770 
Clad temperature, °F 2200 
Maximum allowable clad stress, psi 10,000 
Core 1 1.1 


In Table IV the diameter of the heat pipe 
cooled fast core is compared with the diameters of 
a liquid sodium cooled fast core and a helium 
cooled thermal core. The cores were all designed 
for the same power level and operating lifetime. 

The fuel burnups are also indicated in Table IV. 

The heat pipe cooled core is seen to be interme- 
diate in size between the others, although absolute 
comparisons are not possible because the fuel burn- 
up is different in each core. If the fuel loading 
of the heat pipe cooled core were reduced suffi- 
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ciently to raise the burnup to 10$, the core diam- 
eter could be reduced to 39 in. The core Kjjpp. of 
1.1 would then be maintained by an increase in the 
fuel enrichment to offset the reduction in the 
total fuel loading. 

The scope of this study did not include the 
design of control rods or drums. The calculated 
boundary neutron flux and radial leakage however, 
indicate that control drums would be difficult to 
apply. Therefore, a more optimized design should 
endeavor to flatten the radial power distribution, 
reduce the core diameter, or incorporate poison 
heat pipe tubes within the core. 


The surface heat flux in the condensing sec- 
tion of the heat pipes (which lie within the reac- 
tor heat exchangers) is 33$ greater than that in 
the evaporator section which lies within the reac- 
tor core. The temperature drop between the inter- 
nal heat pipe vapor in the condensing section and 
the reactor heat exchanger vapor outside the ex- 
ternal heat pipe wicks is lio 0 F for the highest 
power heat pipe. For the average heat pipe, the 
temperature drop is 100° F. The estimated temper- 
ature drop in the internal vapor along the heat 
pipe length is 10° F„ 

ADIABATIC HEAT TRANSPORT PIPES 


REACTOR HEAT EKCHAH&ERS 

A. reactor heat exchanger enclosure is shown in 
Fig. 11. The condensing, dual -wicked sections of 
the reactor heat pipes extend from the reactor face 
into the cylindrical section. The interior walls 
are lined with a two-layer wick consisting of a 
0.300 in. thick liquid sodium flow channel and a 
30 mil thick TZM wick of 30$ porosity. The enclo- 
sure wick is connected with the external, wicks of 
the heat pipes, so that liquid sodium can flow 
freely into the external wicks of the reactor heat 
pipes (see Fig. 12). 

The reactor heat exchanger has two exit flow 
passages, each of which connects to an adiabatic 
heat transport pipe. The cross-sectional area of 
the vapor space in each rectangular exit section is 
the same as that of the adiabatic heat transport 
pipe to which it connects. The exit flow passages 
add 7.80 in. to the heat exchanger length. The 
total distance from the center plane of the reactor 
core to the end of one reactor heat exchanger is 
47.2 in. 

The enclosure walls are fabricated from TZM. 
(Tantalum alloys may be preferable.) The outer 
surface is clad with an oxidation-resistant alloy 
such as Udimet 500. The wall thickness of 0.238 
in. was established from buckling rather than 
stress considerations. This thickness is required 
to prevent crushing of the enclosure walls by at- 
mospheric pressure when the system is cold and the 
internal pressure of the sodium vapor is negligible. 

As Fig. 12 shows, the outer wick of the heat 
pipes consists of a 12 mil thick liquid sodium an- 
nulus which is surrounded by- a 5 mil thick sheet of 
TZM with 30$ porosity. Since the section of heat 
pipe wall within the heat exchanger enclosure does 
not have to support any load of significance (the 
internal and external pressures are almost the 
same) , the thickness of the externally wicked wall 
was reduced to 16 mils. The overall diameter is 
then 0.596 in. over the entire heat pipe length. 

The design of the internal heat pipe wick was 
based on a total heat pipe length of 48 in., which 
included a 7 in. adiabatic section and a 21 in. 
condensing length. Space limitations within the 
reactor containment vessel resulted in specifica- 
tion of a total heat pipe length of 39 in., includ- 
ing a 4 in. adiabatic section and a 15 in. condens- 
ing section. While the shorter heat pipe length 
would permit the use of a thinner internal liquid 
sodium flow passage, the originally calculated 
thickness of 10 mils was retained. 


The adiabatic heat transport pipes leading to 
the outboard engines were designed first. The same 
design was then used for the inboard pipes, from 
Fig. 13 the outboard adiabatic heat transport pipe 
is about 100 ft long, and includes three right- 
angle bends. If it is assumed that the pipe is 
20 in. in diameter and a bend radius equal to twice 
its diameter, then the equivalent length of each 
bend is 6.9 ft. The total effective pipe length is 
about 120 ft. 


A cross section of the adiabatic heat trans- 
port pipe is shown in Fig. 14. The overall diam- 
eter is about 21.5 in. The wall and wick are fab- 
ricated from TZM molybdenum. The wall is clad ex- 
ternally with an oxidation -resistant superalloy 
such as Udimet 500. The wick is 30 mils thick, and 
has a porosity of 30$ and a pore diameter of 1.5 
microns. The wall thickness of 0.111 in. is a re- 
sult of the requirement that the wall withstand 
buckling from the external atmosphere when the 
pipe is cold and the internal sodium vapor pres- 
sure is negligible. 


The liquid and vapor pressure distribution in 
the adiabatic heat transport pipe are shown in 
Fig. 15. Most of the indicated liquid pressure 
drop results from the difference in elevation be- 
tween the reactor heat exchanger and the engine 
heat exchanger. The static liquid sodium pressure 
drop of 27.3 psi was calculated for a 30 degree 
bank and 1.5 g's of vertical acceleration. (The 
horizontal component of acceleration which acts 
during a coordinated turn was conservatively ne- 
glected. This in effect assumes the airplane is 
banked while not turning.) The pressure drop cal- 
culations were carried out for a thermal load of 
67,500 kW, a vapor space diameter of 20 in., and a 
liquid sodium annulus thickness of 0.752 in. The 
vapor temperature was 1880° F. 


The vapor and liquid in the adiabatic heat 
transport pipe are contiguous with the vapor and 
the liquid in the reactor heat exchanger and the 
vapor annulus of the engine hdat exchanger. The 
axial heat flux (based on vapor space cross- 
sectional area) is 239 kW/in. 2 in the adiabatic 
heat transport pipe and the reactor heat exchanger, 
and 180 kW/in. 2 in the vapor annulus of the engine 
heat exchanger. These fluxes are below the axial 
flux limits of 261 kW/in. 2 for a wick pore diam- 
eter of 2 microns, and using the upper value of the 
constant in Eq. (2) . 


The net pressure drop in the adiabatic heat 
transport pipe vapor as it travels from the reac- 
tor heat exchanger to the engine heat exchanger is 
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6.7 psi. The associated temperature drop is about 
30° F. Therefore, the minimum vapor temperature 
is 1850° F. The vapor temperature at the entrance 
to the. engine heat exchanger is about I860 0 F. 

Thus, the mean vapor temperature is 1855° F. (The 
design of the engine heat exchanger was carried out 
for a mean vapor temperature of 1860° F.) 

From Fig. 15, the maximum difference between 
vapor and liquid pressures is 36.4 psi. A wick 
pore diameter of 1.58 microns is needed if surface 
tension is to withstand this pressure difference. 
This is larger than the wick pore diameter of 1.5 
microns which was specified for design purposes. 

In the reactor heat pipe of average thermal 
load, the temperature drop through the external 
wick is 44° F. The temperature at the wall is then 
1890 + 44 = 1934° F. The sodium vapor pressure at 
this temperature is 54 psi, and the difference be- 
tween the vapor and liquid pressures is 54 - 8.6 
= 45.4 psi. It can be shown that boiling at the 
external surface (outer surface of the outer wick) 
will be suppressed only if the nucleation site di- 
ameter does not exceed 1.27 microns. Data and 
equations developed by Chen' 1 -*-' indicate that the 
absence of nucleation sites with diameters larger 
than 1.27 microns can be' insured. It is accom- 
plished by pressurizing the adiabatic heat trans- 
port pipe to 50 psi or more with subcooled liquid 
sodium prior to operation. 

The above discussion indicates that an adia- 
batic heat transport pipe with a vapor space diam- 
eter of 20 in. and a liquid sodium annulus thick- 
ness of 0.752 in. represents a viable design, if 
the pore diameter of the porous sheet which lines 
the interior is 1.5 microns. 

ENGINE HEAT EXCHANGERS 

The principal heat exchanger design factors 
which were determined include: exchanger dimen- 

sions, heat pipe temperatures, and the heat trans- 
port capability of the radial heat pipes. 

Exchanger Dimensions 

The heat exchanger geometric parameters are 
shown in Fig. 16. The engine shaft passes through 
the inner cylinder of radius r. Compressor dis- 
charge air flows through the inner annulus of width 
7 a (the heat pipe condensing length). Sodium vapor 
from the adiabatic heat transport pipe flows cir- 
cumferentially through the outer annulus of width 
7 V (the heat pipe evaporating length). The radial 
heat pipes of diameter d are arranged in n rows, 
one diameter apart, along the heat exchanger length 
L. There are n heat pipes per row. The heat 
pipes in adjacent rows are staggered. The mean 
spacing between the radial heat pipes in a given 
row is Xj-gd in the air annulus and X^d in the 
vapor flow annulus. 

The radius r was determined to be 7.0 in. 
upon application of the design criterion that the 
cross-sectional area of the engine shaft should not 
exceed l/l6 the cross-sectional area of the com- 
pressor (which had a specified diameter of 4.74 ft). 

Dimensions of the air flow passage were deter- 
mined from parametric studies of the heat transfer 
rate between the surface of constant temperature 


heat pipes and the compressor discharge air. Ac- 
tually, the temperature of the heat pipes varies 
from row-to-row along the heat exchanger length. 

The constant temperature used in the analysis 
therefore represents a mean of the heat pipe sur- 
face temperature variation along the heat ex- 
changer length. The analysis was carried out in 
accordance with the methods of Ref. 12. 

The vapor flow annulus was sized on the basis 
of the frictional pressure drop in the sodium va- 
por. This must be kept within reasonable bounds 
in order not to exceed the capillary pumping capa- 
bility of the adiabatic heat transport pipe. The 
pressure drop analysis is similar to that for the 
compressed air, but taking into account the fact 
that the flowing fluid is a condensing vapor in- 
stead of a gas, which splits in half upon entering 
the heat exchanger, with each half traveling a dis- 
tance equal to one-half the exchanger circumference 
before being completely condensed. Calculations 
were carried out for an assumed heat pipe sur- 
face temperature of 1820° F in the air annulus . 

The temperature of sodium vapor entering the 
vapor annulus of the heat exchanger was taken 
to be I860 0 F. 

The results of the calculations are presented 
in Fig. 17, where the heat exchanger length L, di- 
ameter D, and the total number of heat pipes N 
are shown as a function of heat pipe diameter. It 
was decided to limit vapor friction pressure drop 
to 2.5 psi at a heat pipe diameter D of 0.5 in. 
The heat pipe diameter in the vapor annulus was as- 
sumed to be 30 mils larger than D. Then, from 
Fig. 17, 

Exchanger diameter D = 7.2 ft 

Exchanger length L = 4.0 ft 

Number of heat pipes N = 8300 

For these conditions, the following additional data 
apply: 

Air annulus width Z a = 23.4 in. 

Vapor annulus width l Y = 12.8 in. 

Total heat pipe length Lp = 36.2 in. 

Heat pipe diameter D in vapor annulus = 0.530 in. 
Effective axial heat flux in vapor annulus 

= 110 kW/in. 2 

Average heat load per heat pipe = 8.13 kW 

The outer shell of the vapor annulus is fabri- 
cated from TZM, and is externally clad with an 
oxidation-resistant coating. It is subjected to 
internal pressure during normal operation (i.e., 
the sodium vapor pressure) and po external pressure 
from the atmosphere when the nuclear propulsion 
system is not operative and is relatively cool. 

(The sodium vapor pressure, and hence the internal 
pressure, is then negligible.) The latter condi- 
tion results in the most severe design condition, 
and requires a shell thickness of 0.456 in. to pre- 
vent buckling of the outer shell by external atmos- 
pheric pressure. 

The inner shell of the vapor annulus is also 
fabricated from TZM, and is clad with a few mils of 
an oxidation-resistant alloy on the inner, air ex- 
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posed surface. The inner shell is not subjected to 
external buckling pressures when cold, and hence 
was designed on the basis of tensile stress arising 
from internal pressure. In current design con- 
cepts, the jet engines are powered by chemical com- 
bustors during takeoff and landing. When the en- 
gines are operating on chemical fuel, compressor 
discharge air flows through the inactive engine 
heat exchangers prior to entering the combustors. 

At sea level, the compressor discharge pressure is 
about 350 psi and the temperature is about 750° F. 

A thicker inner shell is required for this condi- 
tion than for nominal design conditions at the 
cruising altitude of 36,000 ft. The required shell 
thickness, using an allowable stress of 80,000 psi 
for TZM, is then 0.133 in. 

Engine Exchanger Heat Pipes 

The dimensions of the engine exchanger heat 
pipes are shown in Fig. 18. The internal and ex- 
ternal wicks are filled with liquid sodium. The 
external wick is fabricated from TZM with 30$ po- 
rosity. The heat pipe wall and the internal wick 
with 30$ porosity are fabricated from Udimet 500, 
a fabricable alloy with good oxidation resistance 
at contemplated operating, temperatures. 

The most severe design condition again occurs 
when the engines are operating on chemical fuel at 
sea level, when the compressed air is at 350 psi 
and 750° F. The 12 mil thick wall is then stressed 
to 7250 psi, which is well below the yield stress 
of 110,000 psi for Udimet 500. The external pres- 
sure of 350 psi is also well below the external 
pressure of 950 psi which is required for buckling. 

The average surface heat flux based on the 
mean thickness of the heat pipe wall is 0.413 
kW/in.^ in the vapor annulus and 0.226 kW/in.^ in 
the air annulus. The temperature drop through the 
heat pipe wall and wick is then calculated to be 
35° F in the vapor annulus and 14° F in the air an- 
nulus. Since the sodium vapor temperature in the 
vapor annulus is 1860° F, the vapor temperature in- 
side the heat pipes is 1825° F. Neglecting the 
relatively small vapor temperature drop along the 
heat pipe length, the heat pipe surface temperature 
in the air annulus is then 1811° F. A mean surface 
temperature of 1820° F had been assumed in the cal- 
culations for determining the engine heat exchanger 
dimensions . 

The capability of the engine exchanger heat 
pipe to handle the required heat loads will now be 
examined. The coldest heat pipes are located at 
the air inlet of the engine heat exchanger. Since 
the difference between the surface and air temper- 
atures is a maximum at the air inlet, as indicated 
qualitatively in Fig. 19, the coldest heat pipes 
also carry the largest heat load. Since the heat 
transport capacity of a heat pipe generally de- 
creases with a decrease in temperature, the capa- 
bility of the coldest heat pipe to carry the im- 
posed heat loads must be established. 

An approximate, iterative calculation indica- 
ted that the heat load on the coldest heat pipes is 
about 25.4 kW (compared to the mean heat load of 
8.13 kW) . The vapor temperature inside the heat 
pipes is then about 1750° f. The axial flux of 
165 kW/in. is less than the maximum of 212 kW/in. 
for no entrainment and an evaporator momentum tem- 


perature drop of less than 20° F when the wick pore 
diameter is 2 microns. 

The maximum pressure differential across the 
liquid-vapor interface, including the maximum liq- 
uid gravity head of 1.42 psi, was calculated to be 
4.80 psi. This is well below the maximum pressure 
differential of 31.2 psi which can be sustained by 
the surface tension of sodium in wick pores with a 
diameter of 2 microns. From Eq. (3) it can be es- 
tablished that boiling will not occur unless nucle- 
ation site radii are equal to or greater than 8 mi- 
crons . 

The above data indicate that the design of the 
engine heat exchangers heat pipes is adequate to 
handle the imposed heat loads if the wick pore di- 
ameter is 2 microns. 

CONCLUSIONS 

The following conclusions are made based upon 
the preliminary analysis conducted in this paper. 

1. The concept of utilizing heat pipes for the 
removal of core heat in a 300 MW nuclear aircraft 
reactor appears promising. However, the required 
level of heat pipe performance is pushed to the 
limit of present heat pipe technology. In particu- 
lar, wick pore diameters of 1.5 to 2 microns are 
required to achieve the axial heat fluxes which are 
needed for sufficient compactness of system compo- 
nents . 

2. The active core diameter of 45 in. (4.2$ 
burnup) compares with 30 in. for a liquid metal 
fast reactor (12$ burnup) and 62 in. for a water 
moderated thermal reactor (20$ burnup). A smaller 
core diameter of 39 in. is possible for the heat 
pipe core if a 10$ burnup were assumed. 

3. The use of reflector control drums for con- 
trol of the current design will be difficult due to 
the reduced neutron flux at the core boundary. 

4. The structural material temperatures of 
1750° to 2100° F mean that refractory metals will 
probably be required with attendant difficult prob- 
lems. All the refractory metals require protection 
from oxidation. Some are brittle at low tempera- 
tures and difficult to fabricate. 
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Reaetor-to-Jet Engine Heat Transport System 

Reactor Thermal Power 

300 Mw 

Thermal Power Available to Jet Engines 

270 Mw 

Maximum Temperature of Heat Pipes in Reactor 

2100°F 

Maximum Reactor Outside Diameter 

68 in. 

Reactor and Jet Engine Locations 

See Figure 1 

Maximum Surface Heat Flux of Heat Pipes in 


Reactor 

2 x 10 6 Btu/ft 2 -hr 

In-flight Acceleration and Banking Angle 
Reactor Radial and Axial Peak-to -Average 

1. 5 g's, 30° 

Power Distribution 

Engine Heat Exchanger Inlet Air Temperature 

1.1 

and Pressure 

540°F, 70 psia 

Engine Heat Exchanger Air Outlet Temperature 

1450°F 

Air Pressure Drop Through Engine Heat Exchanger 
Total Air Flow Rate Through Each Engine Heat 

10% 

Exchanger 

ps 275 lb/sec 

Length of Engine Heat Exchanger 

- Compressor Diameter 

Maximum Diameter of Engine Heat Exchanger 

7 ft 

Compressor Diameter 

4.74 ft 

Cross-Sectional Area of Engine Shaft 

< 1/16 Cross Sectional Area 
of Compressor 

Cruise Altitude 

36, 000 ft 


TABLE I. - PRINCIPAL DESIGN CRITERIA FOR HEAT PIPE APPLICATIONS STUDY 
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Core fuel 

UN 

Clad 

TZM Moly 

Core Kj^pp 

1.1 

Core lifetime, hr 

10,000 

Peak fuel burnup, $ 

5 

Fuel thickness, in. 

0.075 

Clad thickness, in. 

0.035 

Active core diameter, in. 

45 

Side and end reflector 

4 in - Moly 

Radial peak to average power ratio 

1.1 

Axial peak to average power ratio 

1.0 


TABLE II. - REACTOR CORE DESIGN SPECIFICATIONS 


Group 

Neutron energy range 


eV 

u 

1 

1.49X10 7 to 2 . 23X1 0 6 

-4 . 0QX10 -1 to 1.5 

2 

2 . 23X10® to 8.2X10 5 

' 1.5 to 2.5 

3 

8.21X10 5 to 7.1CX10 3 

2.5 to 7.25 

4 

7.10X10 5 to 7. 49X1 0 2 

7.25 to 9.50 

5 

7.49X10 2 to 29.0 

9.50 to 12.80 

6 

29.0 to 0.414 

12.80 to 17.0 

7 

0.414 to 0 

17.0 to — 


TABLE III. - NEUTRON ENERGY GROUPS 


Core type 

Diameter j 
in. 

Fuel burnup, 
1o 

Heat pipe -cooled fast 

45 

4.2 

Liquid sodium-cooled fast 

30 

12 

Helium-cooled thermal 

62 

20 

(water moderated) 




TABLE IV. - COMPARISON OF CORE TYPES 
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Figure 1. -C5-A aircraft. 



Figure 2. - Elements of reactor-to-jet engine heat pipe heat trans- 
port system. 
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Figure 3. - Reactor and reactor heat exchanger configuration. 
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Figure 4. - Dual-wick heat pipe configuration. 
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Figure 5. - Engine heat exchanger configuration. 
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Figure 7. - Variation of heat pipe parameters with sur- 
face heat flux. 
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Figure 11. - Reactor heat exchanger enclosure. 
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Figure 14. - Segment of adiabatic heat transport pipe cross-section. 
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Figure 15. - Pressure distribution in adiabatic heat trans- 
port pipe fluid. 
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Figure 18. - Heat pipe for engine heat exchanger. 
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Figure 19. - Temperature distribution along air 
annulus of engine heat exchanger. 
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